I. INTRODUCTION
Microorganism growth detection and monitoring is of great importance in a range of microbiological fields. Microbial fermentation technologies require growth monitoring of both the fermenting microbe and any possible contaminants. [1] [2] [3] In the pharmaceutical and food industries, culturing of bacteria and microfungi is an irreplaceable part of preservative efficiency testing procedures. 4 Along with the industrial sector, detecting the presence of microbes rapidly and reliably is invaluable in clinical diagnostics. Detection and monitoring approaches are typically based on conventional microbiological methods (agar plate culturing and colony counting), which are time consuming and require highly skilled personnel. Additional techniques for microbe detection rely on the recognition of specific molecules in a sample. Polymerase Chain Reaction (PCR) based methods, while highly sensitive, 5, 6 require pre-existing knowledge of the characteristic nucleotide sequence of microbial agents, and also suffer from an inability to discriminate between living and dead cells in a label free manner. Detection of metabolic compounds can also provide useful information for growth monitoring of microbes in complex samples during fermentation processes. 7 Newly developed growth detection and monitoring techniques are aimed towards fast, label free detection of viable cells with a portable hand held device being preferred.
Advancements in micro-and nanofabrication technologies have enabled the development of new techniques for microbe detection and growth monitoring. Examples of various biosensing techniques utilised for microbe detection are: evanescent field fibre optic sensor, 8 surface Plasmon resonance (SPR), 9 and mechanical sensors such as the quartz crystal microbalance (QCM). 10 In these cases, carefully selected specific antibodies are used to detect microbes in a liquid environment. While highly specific, these techniques do not faa) Electronic addresses: maloneni@tcd.ie and martin.hegner@tcd.ie cilitate live/dead cell discrimination or the monitoring of viable cell growth.
Micrometer sized cantilevers have been utilised as sensors in a range of fields since the early 1990s. [11] [12] [13] [14] Measurements are typically performed by tracking the static deflection (static mode), or resonance frequency (dynamic mode) of the sensors with respect to time. Measurement of cantilever motion can be performed using a variety of techniques. The most widely used techniques are laser beam deflection, 15 piezoresistive, 16 and piezoelectric 17 readout. Several works have been published where cantilevers were used as biosensors in various biological fields. [18] [19] [20] [21] [22] [23] [24] In the field of microbiology, studies have successfully demonstrated their use as mass sensors for pathogen detection via antibody-antigen chemistry. [25] [26] [27] Techniques moving away from antibody-antigen immobilisation have also been reported with the detection of yeast cells (Saccharomyces cerevisiae (S. cerevisiae)) using poly-L-lysine, 28 and the detection of Escherichia coli (E. coli) using cantilevers functionalised with mannosides. 29 These techniques also suffer from live/dead cell discrimination issues.
When cantilevers are utilised for real time detection and monitoring of viable microorganisms, additional considerations must be made. These are: appropriate surface functionalisation, and the incorporation of carefully chosen in situ reference sensors in measurements to ensure that false signals are eliminated. The sensor surface should provide optimal growth conditions without detachment of the microorganism as reported in Refs. 30-32 where antibodies are used to attach microbes to the cantilevers surface. Detachment can cause misinterpretation of growth or cross contamination when measurements are performed in a liquid environment. 33 Performance of growth measurements in humid air removes the need for antibody attachment or trapping of microbes on the sensor, hence simplifying cantilever functionalisation. 34, 35 Microcantilevers in these measurements serve as miniature Petri dishes where nutrition is retained in a hydrogel on the cantilever's surface. By changing the applied nutrition this method can be adapted to the culture based growth detection of any microbe. The utilisation of arrays containing eight cantilevers allows for multiple growth measurements to be performed in parallel, while also allowing for the provision of in situ reference sensors.
Here, we present a newly developed device for the monitoring of microorganism growth using cantilever arrays. The device is capable of measuring multiple resonance modes of several cantilevers in a time multiplexed fashion. As a proof of principle, the growth of single A. niger spores is monitored using the fundamental and second flexural resonance modes of cantilevers in an array.
II. EXPERIMENTAL

A. Instrument development
Measurement of cantilever resonance frequencies is via the optical beam deflection method. All optical components were purchased from Thorlabs (Cambridgeshire, UK) unless otherwise stated. A single wavelength (λ = 830 nm) pigtailed laser diode (LPS-830-FC) accompanied by a collimator is used to provide a collimated laser beam (beam diameter = 3.45 mm) to the system. The laser diode is driven with an external module (ITC502-Benchtop Laser Diode and Temperature Controller) and is temperature controlled (TCLDM9-TE-Cooled Mount) to ensure output stability. A convex lens (focal length = 30 mm) is utilised to focus a laser spot on the cantilever. The resultant laser spot has a diameter and depth of focus of ∼9 μm and ∼425 μm, respectively. The input optical axis is maintained using a 16 mm cage system comprised of several components: cage plates (SP03), cage rods (SR3), quick release cage mounts (QRC05A), collimator adaptor (AD1109F), cage mounting bracket (SMB1), and several retaining rings (SM05RR).
Two automated translation stages (M-110K043, Physik Instrumente (PI), Bedford, UK) arranged orthogonally (one horizontal and one vertical) facilitate movement of the laser spot across and along the cantilever array. In order for the stage to operate at high relative humidity (RH) levels (∼95%), the encoder has been insulated from the environment. These stages have a travel range of 5 mm, a minimum incremental motion of 50 nm, and a unidirectional repeatability of 0.1 μm which ensures that the laser spot is returned to the desired position, and that no additional noise is added to dynamic mode measurements. Automated control of the translation stages is performed via a PI PCI computer board (C-843 Motor Controller Card). The vertical translation stage acts as the mount for the optical cage system which provides the input laser beam for the device. A xyz micro-translation stage (Gothic arch 9061-XYZ, Newport, CA, USA) is mounted on the horizontal translation stage and acts as the mount for the vertical translation stage. The micro-translation stage is used for initial positioning of the laser spot onto cantilevers.
Cantilever arrays are mounted on a Polyether ether ketone (PEEK) holder containing a piezoelectric ceramic stack. This stack is used to actuate cantilevers at their resonance frequencies. Torrseal R is employed to ensure electrical shorting of the piezoelectric ceramic stack does not occur during operation at high RH levels. The cantilever array is held in position using a PEEK clamp.
A 10 × 10 mm 1D PSD (SI-0299, Laser Components Ltd., UK) with accompanying signal processing circuitry (SPC) (SPC02, Laser Components Ltd., UK) on its backside is used for measurement of flexural resonance modes. The bandwidth of the PSD-SPC electronics is 400 kHz. The PSD is housed in a customised holder to protect the SPC from high humidity. The pins on the PSD are inserted into 2 PCI brackets to allow readout of electrical signals. For insulation from the external humid environment, an O-ring and two pieces of gasket sealer are employed. An illustration of the entire device assembly is shown in Figure 1(b) .
Frequency measurements for each cantilever in an array are performed sequentially. As the beam deflection method is sensitive to angular deflections, the laser spot is moved to a node of vibration using the 2D translation stage system. This ensures that amplitude spectra with good signal to noise ratios are recorded. An arbitrary waveform generator (NI-PCI-5412, National Instruments, TX, USA) provides a sinusoidal linear frequency sweep for actuation of the cantilevers in the array. The resulting signal, generated by motion of the deflected laser beam on the PSD, is converted to a differential voltage by the SPC. This signal is preamplified (SR560 Low Noise Preamplifier, Stanford Research Systems, CA, USA) and digitised (NI-PCI-5112, National Instruments, TX, USA), before being compared to the signal from the frequency generator to produce amplitude and phase spectra. In order to satisfy Nyquist's theorem, a sampling rate of 10 6 samples/s is used. After a frequency scan has been performed, the dual translation stage moves to a node of vibration on an adjacent cantilever (the position of which has been predetermined), and the above is repeated for each cantilever in an array. This can be repeated for multiple modes of vibration. A schematic of device operation is shown in Figure 1 (a).
The device is housed in a custom designed environmental chamber (5500-8139 A, Electro Tech Systems, Inc., PA, USA), which is used to regulate temperature and humidity. Stable temperatures are generated using a heating element housed inside the chamber. Humid air is pumped into the chamber using an ultrasonic humidification system (5472-3, Electro Tech Systems, Inc., PA, USA). Humidity and temperature are regulated using a temperature compensated humidity sensor (554, Electro Tech Systems, Inc., PA, USA) in conjunction with a microprocessor controller (5200 441-431, Electro Tech Systems, Inc., PA, USA). This system allows humidity and temperature levels to be kept within ±0.5% and ±0.2
• C of the desired set points, respectively. This stability is crucial for the proper analysis of the sensors nanomechanical response.
B. Materials and methods
All chemicals and reagents are of analytical grade and were purchased from Sigma-Aldrich (Arklow, Ireland), unless otherwise stated. In the measurements to be presented, Si (001) cantilever arrays (IBM Research Laboratory, Rüschlikon, Switzerland) were used. Arrays consist of eight LabVIEW is used to control the dynamic mode operation (red arrows), output laser power (blue arrows), and translation stage motion (green arrows). Environmental control is provided via an external microprocessor controller (black arrows). For the dynamic mode operation, an IR laser beam (λ = 830 nm) is focused onto a cantilever. To record a resonance spectrum, the laser spot is moved to a position along a cantilever which provides the best signal to noise ratio for the desired flexural resonance mode. The frequency generator board provides a sinusoidal frequency signal to the piezoelectric actuator. The movement of the laser spot on the PSD is converted to a voltage and is preamplified before being recorded by the digitiser board to produce frequency and phase spectra. The laser spot is then moved to an adjacent cantilever in the array using the dual translation stage setup and the process is repeated. (b) Rendered image of device. (1) Input optics cage system mounted on vertical translation stage. A collimated laser beam is focused to a spot via a convex lens. The vertical translation stage facilitates movement of the laser spot to cantilevers in an array. (2) Horizontal automated translation. This stage allows motion along the cantilever bar so spectra with good signal to noise ratios are obtained. (3) Piezoelectric cantilever mount. The cantilever array is mounted on a PEEK holder containing a piezoelectric ceramic stack. This stack is used to actuate cantilevers at their resonance frequencies. (4) PSD in environmental protective housing. A 10 × 10 mm 1D PSD with accompanying SPC on its backside is used for measurement of flexural resonance modes. The bandwidth of the PSD-SPC electronics is 400 kHz. The PSD is housed in a custom holder to protect the SPC from high RH.
cantilevers separated by a pitch of 250 μm. Each cantilever has a length and width of 500 μm and 100 μm, respectively. The cantilevers used in these measurements have a thickness of either 7 μm or 2 μm.
A. niger (CIP 1431.83) spores were obtained from the Pasteur Institute (Paris, France). Spores were cultured on potato dextrose agar (PDA) (Oxoid, Basel, Switzerland) slants at 35
• C for five days and then stored at 4
• C until required.
C. Multimode response of agarose hydrogel functionalised cantilevers
Cantilever arrays were cleaned by exposure to oxygen plasma for 3 min using the following settings: 0.3 mbar O 2 , 160 W, 40 kHz (PICO Barrel Asher, Diener electronic GmbH + Co. KG, Ebhausen, Germany). The arrays were immediately immersed in a silane solution (3-glycidyloxypropyltrimethoxysilane:N-ethyldiisopropylamine:water free toluene: 1:1:100) for 45 min and then washed twice in water free toluene for 15 min. The arrays were dried using nitrogen gas. This step provides an epoxy activated surface which is reactive in alkali conditions towards primary hydroxyl groups found in agarose. The pH of an agarose (SeaKem Gold Agarose, Bioconcept, New Hampshire, USA) solution (1% wt./vol.) was adjusted to ∼11.9 by addition of 2 M NaOH to facilitate the epoxy coupling. The cantilevers were functionalised by immersion in heated capillary tubes (∼100
• C), containing the pH adjusted agarose solution, for 3 s.
The 2 μm thick agarose functionalised cantilever array was mounted on the piezo actuator and the laser system was aligned. The temperature in the chamber was set to 30
• C and allowed to stabilise for 30 min. The relative humidity was ramped slowly from ∼75% to ∼90% and then held at this final value for several hours. Resonance frequency data were recorded for the first four resonance modes. For each mode, 2000 data points were recorded with a sampling time of 2 ms per data point. A full scan of the array was repeated every 3 min.
An additional test was performed using the 7 μm thick agarose functionalised cantilever array. The array was placed in the chamber and the temperature was set to 30
• C. RH levels were ramped from 86% to 96% and allowed to return to 86% at a period of ∼25 min. The response of the first flexural resonance mode was recorded. 400 data points were taken per spectrum with a sampling time of 6 ms per data point. A full scan of the array was taken every 2 min.
D. Multimode Aspergillus niger growth detection and monitoring
A. niger (CIP 1431.83) spores were harvested and suspended in 7 ml of 0.01% tween solution. 100 μl of this suspension was pipetted onto a sterile glass cover slip and left to dry.
A 7 μm thick cantilever array was agarose functionalised as described above. The array was immersed in Roswell Park Memorial Institute medium broth (RPMI-1640), which was supplemented with 0.165 M MOPS (pH = 7) and 0.2% glucose, for 10 min in order to load the agarose layer with nutrition. A glass needle on a micro-manipulator was used to transfer individual spores from the glass cover slip onto the front end of a cantilever. This was performed for two cantilevers in the array.
Environmental conditions inside the device chamber were set to 94% RH and 30
• C and allowed to equilibrate for >30 min. After spore deposition the cantilever array was mounted on the piezoelectric actuator and placed into the device. The fundamental and second flexural resonance modes were recorded for cantilevers in the array. 400 data points with a sampling time of 8 ms per point and 1000 data points with a sampling time of 2 ms were recorded for the fundamental and second flexural resonance modes, respectively. A full scan of the cantilever array was repeated every 30 min.
III. RESULTS AND DISCUSSION
A. Multimode resonance spectra
The resonance spectrum, with accompanying phase (ϕ) shift (blue), of 2 (black) and 7 (red) μm thick cantilevers is shown in Figure 2 . In the case of the 2 μm thick cantilever, the first four flexural resonance modes are shown, while the first two modes are shown for the 7 μm thick cantilever. The phase spectrum for the 7 μm thick cantilever has been omitted for clarity. The spectra consist of 2000 data points and took 4 s each to obtain. In order to visualise the fundamental resonance mode for the 2 μm thick cantilever (shown in the   FIG. 2 . The resonance spectrum, with accompanying phase (ϕ) shift (blue), of 2 (black) and 7 (red) μm thick cantilevers. The first four flexural resonance modes are shown in the case of the 2 μm cantilever. The first two flexural resonance modes are shown in the case of the 7 μm cantilever. The phase spectrum for the 7 μm has been omitted for clarity. expanded view in Figure 2 ), a higher voltage must be applied to the piezoelectric actuator. Movement of the laser spot to the individual resonance nodes allows multiple resonance modes to be recorded for each cantilever in an array. Using a previous iteration of this device, 34 measurement of higher modes of vibration, with fibre optical means, was not possible which limited the achievable sensitivity of measurements.
B. Multimode response of agarose functionalised cantilevers
The change in flexural resonance frequency of the first four modes of a 2 μm cantilever is shown in Figure 3(a2) . Changes in resonance frequency are due to the absorption of water from the surrounding humid environment by the agarose layer on the cantilever. The black, red, green, and blue plots correspond to the fundamental, second, third, and fourth resonance modes, respectively. There is a direct correlation between humidity levels ( Figure 3(a1) ; orange plot) and the resonance frequency of an agarose coated cantilever. For the cantilever shown, a mass responsivity (mass sensitivity −1 ) of 38.8 ± 0.8, 10.3 ± 0.1, 4.3 ± 0.1, and 2.9 ± 0.1 pg/Hz is revealed for the fundamental, second, third, and fourth flexural resonance modes, respectively, assuming a uniform coverage of agarose on the cantilever's surface. The ability to record the fourth resonance mode has increased the achievable sensor dependent mass sensitivity of the device by a factor of 13 when compared to the fundamental resonance mode. Figure 3(b) shows inverse mode number squared (n −2 ) versus mass responsivity. There is a linear relationship between square of mode number and sensitivity which is in agreement with data published. 36 This demonstrates the ability of this device to accurately record the multimode resonance frequency response of cantilevers in an array. The data shown in Figure 3(a1) , between the time points of 2 and 12 h, demonstrates the excellent environmental control provided by the environmental chamber. This is essential for accurate growth detection measurements. It should also be noted that there is no resonance frequency drift over time for all modes. Figure 3 shows an induced periodic fluctuation of humidity (c1) and the corresponding first mode frequency response of one blank Si cantilever and 3 agarose coated cantilevers on a 7 μm thick array (c2). A direct correlation can be seen between humidity levels in the environmental chamber and the resonance frequency response of cantilevers. This figure demonstrates the following: (i) Water absorbed by an agarose layer is immediately lost as humidity levels surrounding the cantilevers decrease resulting in a rise in resonance frequency.
(ii) The device is capable of measuring the resonance frequencies of cantilevers in varying conditions.
The results described in this section indicate that this new device is capable of recording resonance spectra for multiple flexural resonance modes in dynamically changing conditions. Operation of this device has also been demonstrated at the high RH levels required for growth measurements (>94%).
C. Multimode Aspergillus niger growth detection and monitoring
The hypha growing fungus A. niger was used as a model organism to demonstrate the ability of this device to monitor microbial growth. After germination fungal conidia grow hyphal filaments which play a crucial role in colonisation of a substrate. The mechanical response of agarose coated cantilevers was used as an in situ reference. The fundamental and second mode frequency response, due to A. niger growth, of two agarose functionalised cantilevers (sensor 1 and sensor 2) is shown in Figure 4 . Illustrations of the vibrational mode shape for the fundamental and second resonance modes, along with red dots to indicate the position of the laser spot during frequency measurements, are also shown. Optical microscope images of the top and back sides of the cantilevers in question are shown in Figure 5 . To ease visualisation, hyphal growth on each cantilever has been highlighted. Hyphal growth is highlighted using different colours which correspond to the colours of the plots in Figure 4 .
It can be seen (Figure 4 ) that for both modes there is a discernible change in resonance frequency within 10 h, indicating the detection of viable spore growth. This time is an order of magnitude faster than conventional methods currently used in clinical or industrial settings. The detection time here is comparable to those which have been previously published using cantilevers. 34 It should be noted that the rapid detection of the growth of single A. niger spores has been reported for the first time. The ability to detect the growth of a small inoculum within a short time is advantageous, especially in a clinical setting. Hyphal growth is monitored for more than 24 h as indicated by the positive and negative frequency shifts which are observed (Figure 4 ). These frequency shifts are indicative of the propagation of hyphal growth along the cantilevers longitudinal axes. Cantilevers are traditionally thought of as mass sensors where a negative frequency shift is observed upon adsorption of mass on the cantilever. The group of Tamayo have published several works outlining the effects of adsorption position on the resonance response of cantilevers. [37] [38] [39] In these works, it has been shown that the deposition of bacterial cells can produce both negative ("mass effect") and positive ("stiffness effect") frequency shifts. It is proposed that the stiffness (Young's modulus) of the adsorbed particle alters the flexural rigidity of the cantilever to produce positive frequency shifts. It has been shown that the "mass" and "stiffness" effects are proportional to the square of the amplitude of vibration and the curvature of the vibrational mode shape at the position, along the cantilever's longitudinal axis, of the adsorbed particle, respectively. Hence, as hyphal growth propagates along a cantilever's length different magnitudes and signs of frequency response are to be expected. For example, in the case of the fundamental resonance mode the positive frequency shifts observed around 20 h indicate that hyphal growth is occurring in the vicinity of the vibrational node where the stiffness effect dominates. In the case of sensor 2, the subsequent decrease in resonance frequency is due to growth occurring in a mass sensitive region on the topside of the cantilever. Similar observations can be made for the 2nd resonance mode. The magnitude of a positive frequency shift is indicative of the stiffness of the biological material on the cantilever. Thus, through monitoring of cantilever resonance frequencies structural and mechanical changes in the biological material on the cantilever can be determined. While providing no decrease in growth detection times the use of higher vibrational modes does provide extra information in regards to the mechanical properties of a growing hypha. When measuring with higher vibrational modes, the forces due to acceleration to which spores are exposed to increase ( Figure 6(b) ). Hence, the use of higher modes of vibration (e.g., n = 3, 4) may have an effect on spore viability. Acceleration and displacement data were obtained using a laser Doppler vibrometer (Polytec Fibre Vibrometer OFV-552, Polytec Ltd., LambdaHouse, BatfordMill, UK) for cantilevers with identical dimensions to those used in the experiments previously described. It is worth noting that the displacement to which the spores are exposed (in comparison to their size) is greatly reduced when operating at higher modes of vibration (Figure 6(a) ). This reduces the effect that forces due to acceleration may have. The use of thinner cantilevers also reduces the acceleration to which the spores are subjected to during cantilever oscillation. For example, in the case of the third vibrational mode, acceleration for a 2 μm thick cantilever is four times smaller than that of a 7 μm thick cantilever while displacement is roughly the same (Figure 6 ). This can be explained by the fact that thinner cantilevers have lower resonance frequencies for a given vibrational mode. Hence, for multiple mode measurements use of thinner cantilevers will reduce any negative effects which cantilever oscillations may have on spore viability.
IV. CONCLUSION
Due to its multicellular hyphal structure A. niger is an ideal model organism for cantilever measurements as detected growth events are easily validated through optical inspection once experiments are concluded. A previously described device for microbe growth measurements, using cantilevers operated in dynamic mode, employed eight optical fibres aligned with eight measurement sensors. 34 This setup did not allow for the measurement of higher vibrational modes but an automated measurement was possible when compared to earlier versions of the device. [30] [31] [32] 35 Measurement of higher vibrational modes is desirable as it greatly increases the sensitivity of measurements. 36 The device presented here is capable of the accurate and reliable measurement of multiple resonance modes of cantilevers in an array. The readout of any array up to a size of 5 × 5 mm (range of translation stages) is possible. The measurement of the first four flexural resonance modes is presented. For an agarose functionalised sensor (500 × 100 × 2 μm), a mass responsivity of 2.9 ± 0.1 pg/Hz is revealed, assuming a uniform absorption of water by the agarose layer along the cantilever's length. The ability to record the fourth resonance mode has enhanced the achievable sensitivity by a factor of 13 when compared to the fundamental mode. It should be noted that the dimensions of the particular cantilever sensor used determines the achievable sensitivity. The development of a device capable of measuring higher resonance modes allows for lower sensitivities to be realised.
The monitoring of single A. niger spore growth using the multimodal frequency response of two cantilevers is also presented. The detection of growth of viable spores has been shown within 10 h in the case of all sensors. This is an order of magnitude faster than conventional growth detection methods. The detection of the growth of single A. niger spores has been shown for the first time, demonstrating the high sensitivity and suitability of this device for microorganism growth detection. Using different environmental settings and growth media, according to the needs of other microorganisms, provides the opportunity to use this experimental platform as a general tool for fast microorganism growth monitoring. In order to gain a further understanding of the frequency response due to growth of hyphae on the cantilever surface, online imaging of the measurement will be required.
